Background and objectives Recent animal experiments suggest that dysregulation of the EGF receptor pathway plays a role in the pathophysiology of autosomal dominant polycystic kidney disease (ADPKD). Research on EGF receptor ligands in humans with ADPKD is lacking. EGF receptor ligands were measured in patients with ADPKD at baseline and after treatment with a vasopressin V2 receptor antagonist (V2RA) because this information might provide a rationale for future V2RA combination therapy.
Introduction
Autosomal dominant polycystic kidney disease (ADPKD) is characterized by proliferation of renal tubular cells leading to cyst formation in both kidneys. These cysts progressively expand and compress viable renal tissue, thereby causing renal insufficiency (1) (2) (3) . For a long time there was no proven renoprotective treatment for this disease.
Recently, however, the vasopressin V2 receptor antagonist (V2RA) tolvaptan has been shown to slow the rate of growth in total kidney volume (TKV) and the rate of renal function loss in patients with relatively early ADPKD (4) . Despite these positive findings, use of this agent has limitations. First, although the V2RA was proven effective in the Tolvaptan Efficacy and Safety in Management of Autosomal Dominant Polycystic Kidney Disease and Its Outcomes Trial, disease still progressed during treatment.
Second, some patients cannot tolerate the drug. Third, experimental data suggest that this drug may be less efficacious in later-stage ADPKD (5) . Finally, the US Food and Drug Administration has not yet approved tolvaptan for treatment of ADPKD, in contrast to the Japanese, Canadian, and European regulatory authorities. Tolvaptan is therefore not universally clinically available at present. Additional treatments are therefore needed.
In this respect, intervention in the EGF receptor pathway may be of interest because this pathway is involved with growth, migration, and proliferation of renal tubular cells (6) . Dysregulation of this pathway has been suggested to play a role in the pathogenesis of ADPKD (7) . The EGF receptor pathway is of special interest since agents have been developed to block its activation.
The urinary excretion of the EGF(ErbB1) receptor ligands is expected to be representative for the activity of the EGF receptor pathway because binding of the ligands to the EGF receptor will activate this pathway (6) . Excretion of EGF receptor ligands in human ADPKD has not been investigated yet. Activation of the EGF receptor by binding with its ligands results in cyst formation in vitro and in mice (8, 9) . These data form a rationale for our interest in the EGF receptor ligands in human ADPKD. We therefore measured urinary excretion of the EGF receptor ligands (EGF, transforming growth factor alpha [TGF-a], and heparin-binding EGF-like growth factor [HB-EGF]) in patients with ADPKD and controls, and we correlated these values with disease severity. We hypothesized that these ligands would be increased compared with controls as determinants of rate of renal tubular cell proliferation in ADPKD. We also measured these ligands during treatment with a V2RA to investigate activity of the EGF receptor pathway during treatment because this information could provide a rationale for future combination therapy. Because tolvaptan is the first treatment proven to ameliorate the rate of disease progression in ADPKD, it is of interest to investigate whether this drug has any additional effects on the EGF receptor pathway.
Material and Methods

Study Design and Population
We included 27 patients with ADPKD who all completed a single-center interventional trial investigating the short-term renal hemodynamic effects of the V2RA tolvaptan that was performed between 2011 and 2013 (8) . ADPKD was diagnosed using the modified Ravine criteria (9). Patients were 18-70 years of age and were divided into three groups, each consisting of nine patients with ADPKD, stratified for eGFR (.60, 30-60, and ,30 ml/min per 1.73 m 2 ). Patients were studied at baseline, after 3 weeks of treatment with tolvaptan (uptitration to 90/30 mg per day, split dose), and 3 weeks after withdrawal of tolvaptan. Exclusion criteria have been described previously (8) . Controls were randomly chosen from the Prevention of Renal and Vascular ENd-stage Disease (PREVEND) study, a general population-based, prospective, observational cohort study in which participants visit an outpatient clinic for detailed measurement of health status (10) . In addition, cyst fluid was collected from seven patients with ADPKD during a nephrectomy, which was performed to allow sufficient space for a renal transplantation. Cyst fluid was obtained during surgery by fine-needle aspiration before clipping of the renal artery. These patients were included at three centers in The Netherlands (UMC Utrecht, MST Enschede, and UMC Groningen).
This study was approved by the local ethics committee and performed in adherence to the Declaration of Helsinki. All participants gave written informed consent.
Measurements
Concentrations of EGF receptor ligands (HB-EGF, EGF, and TGF-a) in urine and plasma, as well as in cyst fluid, were measured with Duoset ELISA kits (R&D Systems, Minneapolis, MN). These assays were optimized to allow measurement in the lower range as further described in the Supplemental Material. The ELISAs were carried out at Haemoscan in The Netherlands. Urinary EGF receptor ligand excretion was calculated by multiplying urinary concentration of these ligands with 24-hour urine volume and expressed as ratio to 24-hour creatinine clearance to obtain fractional clearances.
Measured GFR (mGFR) was measured as urinary iothalamate clearance (11) and total kidney volume (TKV) by magnetic resonance imaging. In addition, several markers indicating damage to the various parts of the nephron were measured in urine samples (12) . For the methods used, see the Supplemental Material. To study HB-EGF stability in urine, six additional patients with ADPKD and seven additional controls collected a spot urine sample. HB-EGF concentration was measured in these samples immediately and after 24 hours' storage at 3°C to assess recovery.
Statistical Analyses
Baseline characteristics are shown for patients with ADPKD and controls. Parametric variables are displayed as mean6SD and nonparametric variables as median and interquartile range. Differences in baseline characteristics between patients and controls were calculated with an unpaired-samples t test or a Mann-Whitney U test in case of nonparametric data and a chi-squared test for categorical variables. For comparisons between treatment periods, the paired-samples t test was used; for nonparametric data, the Wilcoxon signed-rank test was used.
Orthogonal regression analysis was used to investigate whether EGF receptor ligands correlated with each other, with mGFR, effective renal plasma flow, TKV, and urinary excretion of biomarkers indicating damage to different segments of the nephron. Effective renal plasma flow, TKV, and biomarker excretions were logarithmic transformed to achieve equal distribution of residuals. Scatterplots were made showing the associations of mGFR and TKV with urine excretion and plasma concentration of the EGF receptor ligands. For significant associations the regression line is depicted.
As sensitivity analysis to test the robustness of our findings the aforementioned analyses were repeated stratified for sex and antihypertensive medication use.
All statistical analyses were performed using SPSS software, version 20.0 (IBM, Inc., Armonk, NY). A P value ,0.05 was considered to represent statistical significance, and all statistical tests were two tailed.
Results
The baseline characteristics of the 27 patients with ADPKD and controls are shown in Table 1 . There were no significant differences between patients with ADPKD and controls except that patients were on average 10 years younger than controls, had higher diastolic BP and 24-hour urine volume, and had lower urine osmolality and eGFR, reflecting their disease status. Table 2 shows that in patients with ADPKD, plasma concentration of HB-EGF and urinary HB-EGF excretion were higher than in controls, whereas plasma concentration of EGF and urinary EGF excretion were lower. For TGF-a, no significant differences were observed between the two study groups. EGF had a fractional excretion that exceeded 100%, whereas HB-EGF and TGF-a had lower fractional excretions. In a multivariable regression analysis that adjusted for differences in baseline characteristics between patients and controls (i.e., age, sex, BP, and eGFR), similar findings were obtained. Patients with an eGFR of 60 ml/min per 1.73 m 2 or higher (n=11) had similar renal function compared with the control group (76 versus 82 ml/min per 1.73 m 2 , respectively; P=0.16), but the results with respect to the EGF receptor ligand excretions were similar to those in the overall group of patients with ADPKD. In addition, no correlations were observed between eGFR and HB-EGF, EGF, and TGF-a in the control group (P=0.47, P=0.42, and P=0.95, respectively), in contrast to observations in the patient group (see below). At baseline, we investigated in patients with ADPKD associations between urinary EGF receptor ligand excretions and markers of disease severity (Table 3) . When these parameters indicate more severe disease (i.e., a higher TKV and lower mGFR), HB-EGF was higher. For EGF and TGF-a, opposite findings were seen (Figure 1 ). Of note, at baseline mGFR and TKV were highly correlated (R=20.53; P,0.01). We found various associations between the urinary excretions of the EGF receptor ligands and biomarkers indicating damage to various parts of the nephron (Table 3) . A positive association was noted between HB-EGF and albuminuria, which may reflect glomerular or tubular damage. For HB-EGF a positive association was noted with heart-type fatty acid-binding protein, a marker for damage to the distal tubule. EGF and heart-type fatty acid-binding protein showed an inverse association. No associations were found between plasma concentrations of the EGF receptor ligands and the aforementioned markers of disease severity.
When investigating associations between the different EGF receptor ligands, we found a negative correlation between HB-EGF excretion and EGF as well as TGF-a excretion (R=20.63 [P,0.001] and R=20.50 [P,0.001], respectively). In contrast, there was a positive correlation between EGF and TGF-a excretion (R=0.71; P,0.001). Table 2 also shows the values of EGF receptor ligands in blood and urine in patients with ADPKD during tolvaptan treatment. In general there were no differences in plasma concentrations of the EGF receptor ligands during treatment when compared with baseline. Only TGF-a levels decreased minimally. Urinary excretion changed significantly during treatment for HB-EGF and TGF-a. Figure 2 shows the individual responses in urinary excretion of the EGF receptor ligands in patients with ADPKD during tolvaptan treatment. In all patients, HB-EGF excretion increased during treatment with tolvaptan. This increase was not associated with sex or age, or with baseline BP, mGFR, or TKV (P=0.48, P=0.77, P=0.90, P=0.44, and P=0.26, respectively). In contrast, percentage change in HB-EGF excretion was positively associated with percentage change in urine volume (P=0.001). During treatment, EGF excretion increased in some patients and decreased in others, whereas TGF-a excretion decreased strongly in all but two patients. In addition, percentage change in TGF-a excretion was negatively associated with percentage change in urine volume (P,0.01). After drug withdrawal (washout), urinary excretion of HB-EGF, EGF, and TGF-a returned toward pretreatment values, with washout values being highly correlated with baseline values (R=0.65 [P,0.001], R=0.88 [P,0.001], and R=0.55 [P=0.003], respectively).
Finally, we investigated the concentration of EGF receptor ligands in cyst fluid from seven patients with ADPKD. HB-EGF was found in a concentration of 89.1 (interquartile range, 0.8-120.9) pg/ml, whereas EGF and TGF-a were below the detection limit in all and in five out of seven patients, respectively.
Urinary HB-EGF stability was tested and proven in six additional patients with ADPKD and seven controls; recovery of HB-EGF concentration in spot urine samples after 24 hours storage at 3°C was 93%628% and 95621%, respectively, compared with values that were measured immediately after these participants provided their urine samples.
The sensitivity analyses in which the aforementioned analyses were repeated, stratified for sex and antihypertensive medication use, rendered essentially similar results as the main analyses. In line, no significant interaction was found for sex and medication use in the regression analyses. After exclusion of values that were below the limit of detection (for EGF, 22 of 108 samples; for TGF-a, 42 of 108 samples), all correlations that are described above were still significant, except for the correlations of EGF and TGF-a with TKV at baseline. 
Discussion
Our study shows that in patients with ADPKD, HB-EGF is detectable in cyst fluid and that the concentration of HB-EGF is increased in plasma and urine compared with concentrations in controls. In contrast, EGF and TGF-a concentrations in cyst fluid are very low, and EGF plasma concentration and urinary excretion are lower in patients with ADPKD than in controls. In addition, HB-EGF excretion is significantly higher in patients with more severe disease, whereas EGF and TGF-a excretion was inversely associated with disease severity.
Signaling by EGF receptors is essential for growth, migration, and proliferation of cells (6) . The EGF receptor family (ErbB receptors) consists of four receptors: the EGF/ErbB1, HER-2, ErbB3, and ErbB4 receptors. Activation of these receptors by binding with a ligand leads to upregulation of downstream signal transduction cascades, which causes cell proliferation, thereby modulating cell migration, adhesion, and proliferation (13) . Ligands for the EGF receptor are EGF, TGF-a, and HB-EGF. Recently, experimental studies have shown that activation of this EGF receptor by binding with the ligands EGF or TGF-a results in cyst formation in vitro (8) and in vivo (9) . Inhibition of EGF receptor tyrosine kinase activity blocked tubular cyst formation in an in vitro system (14) , blockade of EGF receptor resulted in attenuation of cystic disease in animal models (15, 16) , whereas ErbB4 knockout mice showed an accelerated cyst progression and renal function deterioration (17) . Together, these experimental studies provide compelling evidence that the EGF receptor pathway is involved with disease progression in ADPKD. Despite the recent interest in the EGF receptor pathway, studies in human ADPKD are scarce. Two older small scale studies, investigating cystic epithelia of patients with ADPKD, described a modest increase in TGF-a and EGF receptor expression (18, 19) . Another study described a negative association between EGF concentration in cyst fluid and serum creatinine (20) . We found in cyst fluid very low EGF and TGF-a concentrations, whereas HB-EGF was present in a similar concentration range as in plasma, and an increased HB-EGF urinary excretion in patients with ADPKD compared with controls. On the basis of these data, and the association of HB-EGF excretion with disease severity, we hypothesize that HB-EGF may have a detrimental role in ADPKD. Importantly, HB-EGF concentration has not been measured in these previous human studies. In line with our study are the findings in a Pkd1 model showing that the major ligand for the EGF receptor in renal cysts was HB-EGF and not EGF (21) . Of note, in the subgroup of patients with ADPKD with normal kidney function (CKD eGFR stages 1 and 2), eGFR was similar as in controls, yet these patients still had significantly higher HB-EGF excretion and decreased TGF-a excretion. In addition, no correlations were observed between eGFR and HB-EGF, EGF, and TGF-a in the control group. This suggests that the correlation in patients with ADPKD between kidney function and the urinary EGF receptor ligands is reflecting the disease process, and not kidney function per se.
HB-EGF is known to be a more potent mitogen for renal epithelia than EGF (13, 22) . Whether the increased urinary HB-EGF excretion is the result of increased filtration of plasma derived HB-EGF or of local intrarenal production is not exactly known, because fractional excretion is below 100%. Molecular weight of HB-EGF is 23 kD, which suggests that only a fraction plasma HB-EGF will be filtrated. However, the fact that we found associations of various markers of ADPKD severity with urinary HB-EGF excretion and not with plasma HB-EGF concentration, and that tolvaptan increased urinary excretion of HB-EGF and not of plasma HB-EGF, indicates that local production is more likely. The negative correlation between HB-EGF excretion and EGF excretion, as well as TGF-a excretion and positive correlation between EGF excretion and TGF-a excretion, could theoretically suggest that EGF and TGF-a are downregulated by the increased levels of HB-EGF.
We observed that V2RA treatment caused an increase in urinary HB-EGF excretion, and that after cessation of treatment, HB-EGF excretion returned toward baseline values. In addition, the drug-induced increase in urine flow was associated with an increase in HB-EGF excretion. The fact that these observations were made after only 3 weeks of treatment suggests that the changes in excretion of EGF receptor ligands are caused by physiologic drug-induced mechanisms, rather than by structural changes in the polycystic kidneys, because these changes take longer to occur.
There are four potential explanations for this increase in HB-EGF. First, vasopressin stimulates intracellular cAMP production in collecting duct cells. Both cAMP and EGF receptor activation stimulate the proliferation of tubular cells to form cysts by the RAS/RAF/MEK/ERK pathway (23) . Cross-talk between these two pathways could exist (i.e., between the EGF receptor and the vasopressin-cAMP pathways [24] [25] [26] ), resulting in an increase in HB-EGF during treatment with the V2RA. Second, V2RA treatment could induce short-term ischemia, causing an increase in HB-EGF excretion. Interestingly, in the Tolvaptan Efficacy and Safety in Managment of Autosomal Dominant Polycystic Kidney Disease and Its Outcomes 3:4 trial, urinary excretion of the inflammation marker monocyte chemoattractant protein-1 increased after 3 weeks of treatment with tolvaptan, whereas after longer treatment a gradual and significant decrease occurred. Another study showed that 3 weeks treatment with tolvaptan already led to a decrease in urinary excretion of kidney injury markers (except kidney injury molecule-1) (27) . These data indicate that there may be differences between short-term and long-term effects of this medication and that there may be differences in the outcome parameter under investigation. Future studies are therefore warranted to investigate whether longer-term V2RA treatment will also result in an increased HB-EGF excretion. Third, the increase in HB-EGF during tolvaptan use may not be unique to patients with ADPKD. Because there are no data on HB-EGF concentration or excretion in patients who use tolvaptan for other indications, it is of interest to study this issue in other patients groups. Finally, upregulation of the EGF receptor pathway during V2RA treatment could also be a feedback mechanism that just reflects the renoprotective effect of this treatment. Notwithstanding this theoretical consideration, we hypothesize that V2RA may be less renoprotective than might be expected from its primary effect on cAMP because of concomitant stimulation of intrarenal HB-EGF production. If true, combining a V2RA with an agent that interferes with the EGF receptor pathway could be a logical choice to optimize the renoprotective effect of the V2RA.
At the moment, two studies are investigating the efficacy of a tyrosine kinase inhibitor in ADPKD (clintrials.gov NCT01233869 and NCT01559363). Both are relatively small-scale studies and apply nonspecific tyrosine kinase inhibitors (KD019 and bosutinib). Because EGF receptor signaling has widespread functions, unselected long-term inhibition of EGF receptor signaling may result in considerable adverse events. Therefore, in our opinion future research should be directed to develop a more targeted approach that would limit the number and seriousness of adverse effects. HB-EGF could be such a target. In addition, measuring the urinary HB-EGF excretion could have also value in clinical practice to assess disease severity and prognosis in patients with ADPKD. Future research is needed to establish this potential role.
Some limitations of this study need to be addressed. First, the relatively small number of participants that was included (i.e., 27 patients with ADPKD and 27 controls), which limits the power of our study. Nonetheless, we found significant differences between patients and controls and associations for EGF receptor ligands with ADPKD severity, suggesting that the power of our study is sufficient. Second, controls were not matched to the patients with ADPKD regarding age and eGFR. However, multivariate analyses, which adjusted for differences in characteristics between patients and controls, confirmed the significant differences between both groups in urinary EGF receptor ligands excretion. Third, the association between ADPKD severity and HB-EGF might also exist because HB-EGF is increased as a result of another mechanism (e.g., in reaction to activation of repair or inflammatory processes) and as such does not contribute to the disease. However, previous findings on the EGF receptor pathway in ADPKD tissue and our present results indicate that the increase in HB-EGF might be causally related to disease progression. Finally, it is unknown whether the higher HB-EGF excretion is specific for ADPKD or can also be found in patients with CKD who do not have ADPKD. Future studies should investigate this issue.
Strengths of this study include the improvement in the sensitivity of commercially available ELISAs for the various EGF receptor ligands, in such a way that urinary concentrations of HB-EGF, EGF, and TGF-a could be measured, and the use of gold standard measurements to assess mGFR and TKV. In addition, to our knowledge this is the first study to investigate the influence of drug treatment (i.e., treatment with a V2RA) on plasma and urine concentrations of EGF receptor ligands.
In conclusion, in patients with ADPKD, higher urinary HB-EGF excretion is associated with more severe disease. Furthermore, we observed that treatment with a V2RA is associated with an increase in urinary HB-EGF excretion. Additional research is needed to investigate whether this association is causal, for instance by studying whether interventions directed at blocking HB-EGF activity will result in renoprotection in ADPKD.
